SUMMARY Heart vector location was estimated for 23 isolated, perfused rabbit hearts during paced ectopic beats. Twenty computer-processed signals, derived from the surface electrodes of a spherical electrolyte-filled tank containing the hearts, were optimally fitted with a locatable cardiac dipole every millisecond of the QRS and every 3rd msec of the ST-T interval. During the QRS, the computed heart vector location of hearts subepicardially paced from the left ventricular free wall originated very close to the stimulating electrode, traversed the heart from left to right, and terminated in the right ventricle. Daring the first portion of repolarization for the hearts paced from the left ventricle, the position of the heart vector was almost stationary within the left ventricle, whereas after the peak of the T wave, heart vector location again moved from left to right. The first quarter of the QRS interval for hearts stimulated from the right ventricular free wall was nondipolar; during the remaining three-quarters of excitation, location of the heart vector moved from right to left, terminating in the left ventricle. Throughout the entire T wave of hearts paced from the right ventricle, the position of the heart vector remained almost motionless within the left ventricle. This study demonstrates the ability of heart vector location, by its rapid motion, graphically to portray passage of an ectopic beat across the heart and, by its slower motion within the central portion of the heart, to indicate the diffuse nature of the resulting ventricular recovery.
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T H E CURRENT dipole is an electrodynamic generator whose complete description requires specification of both its vector moment and its location. The vector moment of the equivalent cardiac dipole can be determined approximately by simple electrocardiographic lead systems consisting of a small number of body surface electrodes, and has been studied intensively by vectorcardiographers. Dipole location, in contrast, cannot be found in such a straightforward manner. Consequently, heart vector location in the past has either not been taken into consideration or else has been assumed to be fixed at some constant site within the heart or thorax throughout the heart cycle. In the past 20 years, however, mathematical techniques have been developed to find the location of the equivalent cardiac dipole, 1 " 4 and computing machinery able to perform these numerical manipulations has been developed. Therefore, several reports have been published in which the location of the heart vector was estimated as it changed throughout the cardiac cycle.
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When electrical activity is confined to a small region of the heart, the concept of a locatable heart vector has obvious physiological significance; the computed position of the heart vector should correspond to the location of the electrically active site. Using isolated perfused rabbit hearts in an artificial thorax consisting of a spherical chamber, we previously have shown that the computed position of the heart vector can in fact be used to locate a small dipolar site of electrical activity confined to a discrete region of the heart. 15 During most of excitation and recovery, however, cardiac electrical activity is not confined to a single small region but is spread widely over large portions of the heart. The purpose of the present study was to examine the ability of a single locatable heart vector to represent the widely dispersed electrical activity that occurs during ectopically stimulated beats. The locatable heart vector was tested for its ability to reproduce the potentials generated by the heart on the surface of the artificial thorax, as well as for its ability to supply information about the underlying patterns of activation and repolarization during an ectopic beat.
Methods
The experimental preparation was the isolated rabbit heart perfused by the Langendorff method and suspended within a small spherical chamber. Adult male New Zealand white rabbits weighing approximately 3 kg were given 100 USP units of sodium heparin intravenously and stunned by a heavy blow to the occiput. The heart was excised quickly and its aortic stump was tied on an electrically insulated perfusion cannula which passed vertically through the top of the spherical chamber. The chamber radius was 3.175 cm and it was constructed of two separable hemispherical portions. 10 The hearts were perfused and filled with preheated, modified Krebs-Henseleit solution containing O 2 at a partial pressure of 525 mm Hg and CO 2 at a partial pressure of 39 mm Hg. A portion of the anterior leaflet of the mitral valve was removed to allow perfusate to escape easily from the left ventricle. The region of right atrium containing the SA node was excised. A bipolar electrode with the poles 1 mm apart 16 was embedded in the subepicardium of the basal portion of the left ventricular free wall in nine hearts and in the lateral base of the right ventricular free wall in 14 hearts. The heart was paced with this electrode at a rate exceeding that of the spontaneous rhythm and at a voltage level that was slightly above threshold. When the hearts were not being driven by the subepicardial electrode, they continued to beat spontaneously from a supraventricular site. The lower half of the chamber was bolted in place, and the entrapped air within it was replaced by wanned, modified Krebs-Henseleit solution.
Potentials were recorded from the surface of the spherical chamber throughout the Q-T interval both while the hearts were being paced with the subepicardial electrode and while they beat spontaneously. These potentials were recorded from 20 different electrocardiographic leads which were derived from 20 silver-silver chloride electrodes evenly spaced on the chamber surface. 10 Signals from the 20 leads were amplified by a bank of low-noise, highly linear, solid state preamplifiers which were multiplexed, converted from analog to digital mode, fed into a laboratory computer, and written on magnetic tape for later off-line processing. In this manner, signals from every third heart beat were digitized and recorded on-line at a sampling rate of 1,000 samples/sec per lead for the QRS interval and 333 samples/sec per lead for the ST-T interval.
After the potentials were recorded, the lower half of the chamber was removed and replaced by an accessory chamber section containing a plane vertical picture window. The chamber was refilled with electrolyte solution, and five QRS-triggered photographs of the heart were made through this window. The perfusion cannula was rotated 72° after each photograph had been taken. In this way, pictorial documentation of the location of the pacing electrode and of the position of the heart within the chamber was obtained in steps of one-fifth of a full circle. Two sets of five photographs were taken, one while the heart was paced with the subepicardial electrode and the other while the heart beat spontaneously. Figure 1 shows two of the five views for one of the hearts taken while it was paced. The location of the stimulating electrode was determined by triangulation from two such photographic views of the electrode.
Several steps of signal conditioning followed the realtime data acquisition. 10 Beat-to-beat repeatability of the waveforms recorded from the 20 leads was checked by autocorrelation and generally found to be excellent. A sequence of QRST complexes, usually 16, was selected from the most stable portion of the record and averaged to reduce asynchronous noise. The averaged signals were converted to lead potentials by means of calibrated gain factors for the preamplifiers, and the precision of this technique was monitored by computing closure error.
FIGURE 1
Two views of an isolated rabbit heart in the chamber snowing the subepicardial stimulating electrode. View B was photographed after rotating the heart 72°. Arrows point to the region containing the bipolar pacing elecrode.
Next, three-point parabolic interpolation was employed to compensate for the time skew between leads which was introduced by the analog-to-digital converter. Finally, The QRST complexes were numerically reduced to unipolar form by referencing the potential of each electrode against a central terminal which represented the average potential of all 20 electrodes.
The equivalent cardiac dipole was calculated every millisecond of the QRS interval and every 3rd msec of the ST-T interval by an iterative mathematical procedure which has been described elsewhere. 10 This numerical method optimized dipole location, orientation, and strength so that the dipole could best reproduce, in a least squares sense, the 20 electrode potentials recorded on the surface of the spherical chamber. Resistivity throughout the chamber was taken to be 57 ohm cm, which is the resistivity of the modified Krebs-Henseleit solution. Both X, Y, and Z scalar plots as well as XY, XZ, and YZ twodimensional plots of the computed location of the heart vector were made for depolarization and repolarization of all hearts.
Results
The path of the heart vector throughout QRS and ST-T was similar for all nine hearts paced ectopically from the left ventricular free wall. Heart vector location for one of these hearts during both spontaneous and ectopic beats is shown for depolarization in Figure 2 and for repolarization in Figure 3 . The path of the heart vector during the ectopic QRS differs markedly from its course during the spontaneous QRS. At the beginning of the ectopic beat, the computed heart vector locus originates near the stimulating electrode (Fig. 2) . It then passes through the heart from left to center to right, terminating in the right ventricle. Figure 3 demonstrates that the computed position of the equivalent cardiac dipole is nearly stationary within the left ventricle throughout the ST-T segment of the spontaneous beat." During early repolarization of the beat paced from the left ventricle, the heart vector also moves very little. However, during the latter half of the T wave, it again moves rightward, entering the right ventricle.
In order to demonstrate the consistency of these results for the ectopic beats of all the hearts, we have employed a special UVW coordinate system to track the movement of the heart vector across the heart. The U axis of this system lies in the transverse plane such as shown in Figure 2B , passing through both the stimulating electrode and the center of the heart outline. Figure 4C shows the position of the heart vector relative to the U axis. Distance along this left-to-right axis is plotted vertically, and time is plotted horizontally. The results for each of the nine hearts placed from the left free wall were scaled individually so that the stimulating electrode site corresponds to the asterisk and the center of the heart outline corresponds to the A. horizontal line in the middle of the plot. The middle of the three lines plotted in Figure 4C is the average heart vector location for all nine hearts. The lines flanking it on either side indicate one standard deviation. This special U axis demonstrates that the path of the computed heart vector begins close to the stimulating electrode and then traverses the heart throughout the ectopic QRS from left to center to right. Figure 4D indicates the strength of the heart vector along the U axis during the ectopic beat paced from the left free wall. The dipole moment throughout the QRS pointed primarily to the right, which is downward in Fig- ure 4D. Figure 4A shows the root-mean-square value of the 20 potentials recorded at the chamber surface electrodes. This value is related to the net electrical energy produced by the heart at the surface of the chamber. Figure 4B is a plot of the root-mean-square residual potential at the 20 chamber electrodes after that portion of the potentials which can be accounted for by the heart vector has been removed. Since this value indicates that part of the surface potential distribution cannot be fit by the cardiac dipole, it can be regarded as a measure of the nondipolarity of the heart potentials at the chamber surface. Figure 4B demonstrates that a single dipole reproduced the potential distribution with an average residual of 12% for the first half of the QRS and 22% for the second half.
FIGURE 4 Nondipolar residual potential and heart vector locus and moment throughout excitation and recovery for hearts ectopically paced from the left (left column) and right (right column) ventricular free walls. Time durations of QRS and ST-T are normalized to permit comparison of the nine preparations paced from
At the junction of the QRS and ST-T segments for the left ventricular paced hearts, Figure 4B shows a sharp , peak of nondipolar activity with an average root-meansquare potential residual of 52%. Figure 4C indicates that, at this same point in the cardiac cycle, the heart vector suddenly shifted back to the left side of the heart. The position of the heart vector then remained almost motionless within the central portion of the left ventricle until approximately the peak of the T wave, after which it again moved toward the right. Figure 4B indicates that at about this same time there was a rapid increase in nondipolarity of the chamber surface potentials. Figure 4D shows that the dipole moment pointed to the left throughout repolarization. The slight undulations seen in Figure  4A -D about one-third of the way into the ST-T interval reflect retrogradely conducted P waves in four of the hearts.
Four hearts were photographed in the chamber both at the peak of the T wave and at the end of the T wave. Comparison of these photographs revealed only minimal physical motion of the heart, which was insufficient to account for movement of the heart vector seen in Figure  4C during this interval.
Results for 14 hearts stimulated from the basolateral right ventricular free wall are strikingly different during the first quarter of the QRS. Figure 4E reveals that during this period the chamber surface potential increases much less rapidly than it did for the hearts stimulated from the left free wall. As shown by Figure 4F , the potential distribution at this time is less dipolar than either the remainder of the ectopic beat stimulated from the right or the first portion of the ectopic QRS paced from the left. The rootmean-square potential residual for the hearts paced from the right free wall averaged 33% for the first quarter of QRS and 20% for the remaining three-fourths of depolarization .
The position of the right ventricular pacing electrode along the U axis is shown in Figure 4G by an asterisk in the upper portion of the plot. Consequently, the left-to-right orientation of Figure 4G and H is reversed with respect to Figure 4C and D. Figure 4G reveals that, at the beginning of the right ventricular paced beat, the mean heart vector locus does not originate as close to the stimulating electrode as it did for those hearts paced from the left free wall. In addition, the large standard deviation in Figure   4G for the first quarter of the QRS indicates wide variation in location of the heart vector during this time. Throughout the remainder of excitation, the standard deviation was much smaller and the heart vector again moved across the ventricles, this time from right to left, with a small terminal movement back toward center. During most of repolarization, the equivalent cardiac dipole moved very little and was within the left ventricle. Figure  4H shows that the heart vector pointed to the left throughout excitation and to the right throughout recovery.
A qualitative appreciation of dipolar and nondipolar potential distributions of the chamber surface can be obtained from Figures 5-7 . Figure 5 shows isopotential maps at four time instants during the QT interval for a representative heart paced from the left ventricular free wall. All four exhibit one maximum and one minimum with smooth progression of potentials between these extremes. Such an isopotential map on the surface of a sphere is compatible with, but not specific for, a dipolar potential distribution. but disappeared 3 msec later. Throughout the ST-T interval, the sequential maps revealed a single maximum overlying the left free wall. This maximum originated 2 msec before the J point and is seen in panels D4 and D5 of Figure 6 and in panel E of Figure 5 .
Three of the four potential distributions shown in Figure  7 for a heart paced from the right ventricular free wall appear qualitatively to be dipolar with a single maximum and minimum. The potential distribution in Figure 7A during the first portion of excitation exhibits multiple maxima and minima and thus appears nondipolar. One maximum is seen on the anterior superior chamber surface, and additional views of the chamber show a second maximum of approximately equal magnitude on the posterior inferior surface of the chamber. A minimum of about the same absolute magnitude is on the chamber surface overlying the right ventricular free wall with a second, smaller minimum on the chamber surface overlying the left ventricular free wall.
Discussion
The purpose of this study was to examine the ability of heart vector location, by its motion, to portray ventricular activation and recovery during ectopically stimulated beats. Prerequisite to this determination is independent knowledge of the course of depolarization and repolarization during ectopic pacing. Intramural and epicardial recordings during ectopic beats have been made in the dog, 19 
"
22 but apparently not in the rabbit. We have chosen therefore to extrapolate the isochrone and isopotential distributions reported by Spach and Barr for the ectopically stimulated canine heart 22 to the lapine heart. These particular results were used for comparison because the sites ectopically paced on the right and left ventricular free walls of the dog hearts 22 correspond closely to the sites ectopically stimulated in the isolated rabbit hearts in the present study.
A constant finding from all of the studies of ectopic beats in dogs is that the primary direction of the spread of excitation is across the ventricles, from the region adjacent to the stimulating electrode to the opposite side of the heart. 20 " 22 This pathway of depolarization was mirrored in the present study by the movement of the heart vector throughout all of the QRS interval for hearts stimulated from the left free wall and during the major portion of the QRS interval for right ventricular-paced hearts. In particular, the depolarization front for the dog heart stimulated from the left ventricular free wall originated around the pacing electrode, passed through the anterior and posterior left ventricular free walls simultaneously, passed later through the septum as a single sheet, and terminated in the free wall of the right ventricle. 22 At corresponding portions of the QRS interval for the isolated rabbit hearts paced from the left free wall, the locus of the computed location of the heart vector began near the stimulating electrode, passed first through the left ventricular cavity and later through the middle portion of the interventricular septum, and ended in the right ventricle. The positive face of the activation front for the dog heart 22 and the dipole moment of the heart vector for the rabbit heart both were oriented toward the right side of the heart throughout the ectopically stimulated QRS interval. These comparisons suggest that the computed location of the heart vector was near the centroid of the rim of the activation front and that the computed direction of the heart vector moment approximated the general orientation of the activation front during the ectopic beat.
Whereas the potentials on the surface of the spherical chamber generated by. the hearts paced from the left ventricular free wall could be reproduced well by a single equivalent cardiac dipole, the potentials generated during the first quarter of the ectopic QRS interval for right ventricular-paced hearts were considerably less dipolar. During this nondipolar portion of the QRS interval, heart vector moment was quite small and, as suggested by theoretical considerations, 3 heart vector location typically was external to the anatomical site of the stimulating electrode .
Myocardial potentials during the first portion of the QRS interval for a dog heart paced from the lateral base of the right ventricular free wall also appear nondipolar because of multiple maxima and minima 22 and are similar in distribution to the potentials on the surface of the spherical chamber (Fig. 7A) for a rabbit heart paced from this same region. The activation front for the dog heart paced from the left ventricle assumed a relatively dipolar configuration 23 while it was in the anterior and posterior free walls of the left ventricle; its positive face was oriented primarily to the right in both free walls. 22 In contrast, the activation front for an ectopic beat paced from the right free wall assumed a relatively nondipolar configuration 23 with its positive side facing anteriorly in the anterior right free wall and facing posteriorly in the posterior right free wall. 22 The thickness, curvature, myocardial fiber orientation, and specialized conduction system of each ventricular free wall influence the configuration of the activation front within the wall. Consequently, differences in any or all of these factors for the left vs. right ventricle may be responsible for the difference in dipolarity of the early portions of the left and right paced beats.
The depolarization front for the dog heart paced from the right ventricle reached the interventricular septum when the QRS was about one-fourth completed. The front then traveled leftward, first through the septum, and later through the left ventricular free wall, with its positive face oriented predominantly to the left. 22 During the corresponding portion of excitation for the rabbit heart paced from the right ventricle, the potential distribution was well represented by a single, locatable dipole, the locus of which passed from the right to the left side of the heart and the moment of which pointed primarily to the left.
The other nondipolar portion of the ectopic beats occurred at the junction of the QRS and S-T intervals and was more pronounced for those rabbit hearts paced from the left ventricular free wall. This nondipolar spike of chamber surface potentials was bounded on either side by potentials that could be better reproduced by the heart vector. During the sharp peak of nondipolar potentials at the J point, there was a rapid translation in heart vector position across the heart, back to the paced ventricle. This behavior strongly suggests that two current generators within the heart, each of which individually is dipolar, were active simultaneously and together produced nondipolar surface potentials. The rapid shift in heart vector location suggests also that the two generators active at the J point were located on opposite sides of the heart and that one was decreasing in magnitude while the other was increasing. The chamber surface isopotential maps (Fig.  6) , as well as epicardial 21 and transmural 22 potential distributions for ectopic beats in the dog, verify these conclusions: all indicate that recovery begins in the region surrounding the stimulating electrode before the free wall of the opposite ventricle has completely depolarized.
During much of the ST-T interval for the hearts paced from the left ventricle and throughout all of this interval for the hearts paced from the right ventricle, the position of the heart vector moved very little and was within the cavity of the left ventricle. This position may at first seem unrealistic. However, since the heart vector is a single point approximation of electrical activity which may occur simultaneously at numerous sites within the free walls and septum, the finding that this dipole is sometimes located in a central region devoid of electrical activity should not be disconcerting.
Measurement of functional refractory periods, 24 as well as recording of intracardiac potential distributions 25 in the dog heart, indicates that repolarization of normal beats is a diffuse process occurring simultaneously throughout much of the heart rather than a discrete localized wavefront. We previously have shown 17 that, during the ST-T interval of spontaneous beats in isolated rabbit hearts, the heart vector representing this diffuse process moves very little, as seen in Figure 3A and C. The lack of movement and the central location of the heart vector during large portions of recovery of ectopic beats suggest that much of repolarization during paced beats also occurs simultaneously over widespread regions of the heart instead of as a thin sheet of repolarization passing across the ventricles.
This supposition is strongly supported by direct potential measurements recorded in the canine heart by Spach and Barr. 22 Their results indicate that throughout the ST-T interval of the dog heart paced from the right ventricle there is a transventricular potential gradient with positive potentials over the right ventricle and the right side of the left ventricle, negative potentials over the left side of the left ventricle, and the surface of zero potential dividing these two regions almost motionless within the left ventricle. 21 The position and orientation of the heart vector during the ST-T interval of the beats originating in the right ventricle in the rabbit heart correspond very well to such a potential distribution; the heart vector pointed to the right and moved very slowly within the left ventricle throughout repolarization.
During the first portion of repolarization for the canine heart paced from the left ventricular free wall, the intracardiac potential distributions are similar to those for the right ventricular paced beat, except that they are reversed in polarity. 22 After the peak of the T wave, however, the zero potential surface moved to the right. 22 Again, these results correlate quite well with the behavior of the heart vector during recovery of beats paced from the left ventri-VOL. 41, No. 4, OCTOBER 1977 cle in the isolated rabbit heart; the heart vector pointed to the left and moved very little within the left ventricle until the peak of the T wave, after which it also migrated to the right.
The results presented here have revealed both strengths and weaknesses of the equivalent cardiac dipole as a representation of cardiac electrical activity. Examples of chamber surface potential distributions that could be well reproduced by a single, locatable dipole were seen both when cardiac electrical activity was confined to a small region of the heart (i.e., early in the QRS interval of left ventricular paced beats) and when larger regions of myocardium were electrically active (i.e., the middle of the QRS interval and most of the ST-T interval for both right and left ventricular-paced hearts). In all cases that we have studied in which the potential distribution was dipolar, the location of the heart vector could be related meaningfully to the underlying cardiac electrical activity. When dipolar potentials were generated by a small region of seared epicardium, the position of the heart vector identified the location of the injured tissue. 15 When dipolar potentials were generated by an ectopically stimulated beat, movement of the heart vector portrayed passage of the resulting activation front across the heart. When dipolar potentials were generated by repolarization of either normal or ectopic beats, the heart vector was relatively motionless within the left ventricular cavity near the center of the widely dispersed regions of recovering myocardium.
Examples of nondipolar potential distributions were seen both when the electrical activity of the heart was confined to a small region (i.e., early in the QRS interval of the beats originating in the right ventricle) and when widely separated regions of the heart were electrically active simultaneously (i.e., the J point). These results indicate that some configurations of cardiac electrical activity cannot be represented adequately by a single heart vector. When such nondipolar potential distributions occur, a more complex representation of the heart's electrical activity, such as two locatable dipoles, 26 may have to be employed.
A consequence of approximating the electrical activity of the heart with a dipole current singularity is that, just as many different sets of numbers can have the same mean, so too can more than one configuration of cardiac electrical activity have the same heart vector. Therefore, the heart vector cannot uniquely define the distribution of activation fronts and potentials throughout the heart. The results reported here, however, provide evidence that when extracardiac potentials are dipolar, the heart vector furnishes an overview of cardiac electrical activity with the location of the heart vector serving as an "electrical center" 2 of the heart.
